Background Androgens have been shown to influence both the immune system and lung tissue, raising the hypothesis that androgen deprivation therapy (ADT) for prostate cancer may increase the risk of pneumonia. Thus, the aim of this study was to determine whether ADT is associated with an increased risk of hospitalisation for community-acquired pneumonia in patients with prostate cancer. Methods This was a population-based cohort study using the United Kingdom Clinical Practice Research Datalink linked to the Hospital Episode Statistics repository. The cohort consisted of 20 310 men newly diagnosed with non-metastatic prostate cancer between 1 April 1998 and 31 March 2015. Time-dependent Cox proportional hazards models were used to estimate adjusted HRs and 95% CIs for hospitalisation for community-acquired pneumonia associated with current and past use of ADT compared with non-use. Results During a mean follow-up of 4.3 years, there were 621 incident hospitalisations for communityacquired pneumonia (incidence rate: 7.2/1000 personyears). Current ADT use was associated with an 81% increased risk of hospitalisation for community-acquired pneumonia (12.1 vs 3.8 per 1000 person-years, respectively; HR 1.81, 95% CI 1.47 to 2.23). The association was observed within the first six months of use (HR 1.73, 95% CI 1.23 to 2.42) and remained elevated with increasing durations of use (≥25 months; HR 1.79, 95% CI 1.39 to 2.30). In contrast, past ADT use was not associated with an increased risk (HR 1.23, 95% CI 0.95 to 1.60). Conclusions The use of ADT is associated with an increased risk of hospitalisation for community-acquired pneumonia in men with prostate cancer.
INTRODUCTION
Androgen deprivation therapy (ADT) is the mainstay treatment for patients with prostate cancer, of which the benefits on disease progression and survival for patients with high risk and metastatic disease have been known for many years. 1 However, recent years have seen an increase in the use of ADT across all stages of disease, including low-risk patients for whom the benefits are unclear. 1 In the UK, ADT may be used in different settings; as a neoadjuvant or adjuvant treatment (for at least 6 months up to 3 years) with radiation therapy or radical prostatectomy, in patients with intermediate and advanced disease, as well as in patients with high-risk localised disease. 2 In patients with advanced and metastatic disease, ADT is typically continued indefinitely until evidence of treatment resistance. 3 While the use of ADT has increased in recent decades, there is mounting evidence that this therapy may be associated with a number of adverse effects, such as loss of bone mineral density, metabolic syndrome and cardiovascular outcomes. 4 There is also some evidence that ADT may have effects both on immune function and lung tissue, thus raising the possibility that its use may increase the risk of infections, such as pneumonia. [5] [6] [7] Androgens have been shown to play an important role on the immune system. Indeed, androgen receptors are expressed on a number of immunological cells, 8 and androgens have been reported to increase neutrophil production. [9] [10] [11] Furthermore, in mice, androgen depletion impaired the adaptive immune response, rendering mice more susceptible to microbial infection. 12 13 It was also shown that androgen deprivation may influence the risk of lower respiratory tract infections via morphological and biochemical changes to cell membranes within the lung. 6 7 To date, only two observational studies have investigated the association between ADT and pneumonia, but reported conflicting findings. 14 15 These studies had a number of methodological limitations, including potential misclassification of hospital-acquired versus community-acquired pneumonia, 14 15 limiting the analysis to one type of ADT, 14 and immortal time bias leading to an underestimation of the association. 14 15 Community-acquired pneumonia is of particular concern in older adults, 16 particularly among those with cancer for whom severe pneumonia can result in high mortality rates. 17 Thus, the objective of this study was to determine whether the use of ADT is associated with an increased risk of hospitalisation for community-acquired pneumonia in patients with prostate cancer.
METHODS

Data sources
This study was conducted using the UK Clinical Practice Research Datalink (CPRD) linked to the Hospital Episode Statistics (HES) repository. The CPRD is a large computerised database of longitudinal patient records, comprising primary care records for >14 million patients from >700 general practices. The CPRD includes information on demographic characteristics, lifestyle data (such as smoking status and alcohol use), medical diagnoses and procedures (coded using the Read code classification 18 ) and prescriptions written by general practitioners (coded according to the UK Prescription Pricing Authority Dictionary 19 ). The data recorded in CPRD have been shown to be of high quality. 20 21 The HES repository contains all inpatient and day case admission information, including primary and secondary diagnoses (based on the International Classification of Disease codes (ICD-10 codes)) and related hospital-based procedures. The linkage of CPRD to HES is possible from April 1 1997 onwards and is limited to English general practices that have consented to the linkage scheme (currently representing 75% of all English practices). 22 
Study cohort
We assembled a cohort of men, at least 40 years of age, who were newly diagnosed with prostate cancer between 1 April 1998 and 31 August 2015. Cohort entry was defined by the date of the first prostate cancer diagnosis. All patients were required to have at least one year of medical history in the CPRD. We excluded patients diagnosed with metastatic disease (defined as metastases to the bones, lymph nodes, viscerally and other sites), as well as those with a history of ADT use (as this indicates inaccuracy in the recording of the prostate cancer diagnosis and removes prevalent ADT users). Additionally, all patients who received chemotherapy or radiation therapy in the year prior to cohort entry were excluded, as were those with prescriptions for anti-TB drugs (in the year before cohort entry) and those with a previous diagnosis of HIV. Finally, all patients hospitalised for any cause (with a length of stay ≥2 days) in the 30 days before cohort entry were excluded to ensure that early pneumonia events occurring after cohort entry were likely to be community-acquired pneumonia and not the result of a previous hospitalisation.
All patients were followed from cohort entry until a first hospitalisation for community-acquired pneumonia (defined below) or were censored upon a diagnosis for hospital-acquired pneumonia (defined below), receipt of chemotherapy, death from any cause, end of registration with the general practice or end of the study period (31 August 2015) , whichever occurred first.
Exposure definition
Exposure to ADT included gonadotropin-releasing hormone (GnRH) agonists (leuprolide, buserelin, goserelin, triptorelin), oral antiandrogens (cyproterone acetate, flutamide, bicalutamide, nilutamide), oestrogens (diethylstilbestrol, estramustine) and bilateral orchiectomy. A time-dependent exposure definition was used to classify each person-day of follow-up as exposed or unexposed to ADT. Based on this definition, ADT use was classified as either current use, past use or non-use. Current use was defined as use at the time of the event; past use was defined as use of ADT prior to but not at the time of the event; and non-use was defined as no use up until the time of the event. The latter category served as the reference category in all analyses. Due to the persistence of hypogonadism after treatment discontinuation, 23 24 we considered a 180-day residual effect period for GnRH agonists and a 30-day period for oral antiandrogens and oestrogens. Therefore, patients were considered continuously exposed if the duration of one prescription plus the residual effect period overlapped with the date of the next prescription. Patients who underwent bilateral orchiectomy were considered continuously exposed from the date of surgery until the end of follow-up.
Outcome definition
A hospitalisation for community-acquired pneumonia was defined as a hospital admission preceded by an emergency department visit, with a primary (most responsible) diagnosis of pneumonia within the first two days of hospital admission (to minimise the inclusion of hospital-acquired pneumonia). The date of the hospital admission was considered the event date. Hospital-acquired pneumonia was considered as a pneumonia diagnosis >2 days after admission, as well as pneumonia diagnosed up to 7 days after a hospital discharge.
Potential confounders
All models were adjusted for the following potential confounders measured at cohort entry: age, year of cohort entry, body mass index (BMI), smoking status, alcohol-related disorders, pre-diagnostic prostate-specific antigen (PSA) levels (closest measurement before cohort entry) and seasonality (with highrisk season defined as 1 October to 31 March). 25 26 The models also included previous cancer diagnoses (excluding nonmelanoma skin cancers), COPD, asthma, bronchitis and bronchiectasis, in the year before cohort entry. Finally, the models were adjusted for pharmacological exposures measured in the year prior to cohort entry including immunosuppressive agents, inhaled bronchodilators, oral and inhaled corticosteroids, oral antibiotics, as well receipt of influenza and pneumococcal vaccinations.
Statistical analyses
Descriptive statistics were used to summarise the characteristics of the cohort. Crude incidence rates of hospitalisation for community-acquired pneumonia, with 95% CIs based on the Poisson distribution, were calculated for each exposure group. Time-dependent Cox proportional hazards models were used to estimate crude and adjusted HRs and 95% CIs of hospitalisation for community-acquired pneumonia associated with the current and past use of ADT compared with non-use. All models were adjusted for the potential confounders listed above.
Secondary analyses
We conducted two secondary analyses. First, we assessed whether there was a duration-response relationship between current use of ADT and the risk community-acquired pneumonia according to five predefined duration categories: <6 months, 6-12 months, 13-18 months, 19-24 months and ≥25 months.
In addition, duration of use was modelled as a continuous variable using a restricted cubic spline model with five knots to produce a smooth curve of the HR as a function of duration of use. 27 28 Second, we investigated whether the risk of hospitalisation for community-acquired pneumonia varied according to current use of specific types of ADT. This was assessed by classifying current use of ADT into one of six mutually exclusive categories: GnRH agonists alone, GnRH agonists and oral antiandrogens, oral antiandrogens alone, bilateral orchiectomy, oestrogens alone and other treatment combinations.
Sensitivity analyses
We conducted six sensitivity analyses to assess the robustness of our findings. First, the length of the residual effect period for GnRH agonists has been shown to be highly variable and dependent on factors such as age and treatment duration. 23 24 Therefore, to account for this variability, we considered residual effect periods of 90 and 365 days for GnRH agonists. Second, we used a less restrictive outcome definition for a hospitalisation for community-acquired pneumonia to include those with an ICD-10 diagnosis code recorded in the primary as well as in the secondary position within the first two days of hospital admission. Third, we repeated the primary analysis by using a stricter definition for hospital-acquired pneumonia by censoring patients hospitalised for pneumonia in the 14 days (instead of 7 days) after a hospital discharge. Fourth, we repeated the primary analysis using multiple imputation for variables with missing values (including smoking, BMI and PSA levels). 29 30 Fifth, to further minimise residual confounding, we conducted an analysis stratified on high-dimensional propensity score deciles (described in online supplementary method 1). Finally, to address potential residual time-dependent confounding over the 18-year follow-up period, the primary analysis was repeated using a marginal structural Cox proportional hazards model, a method designed to adjust for time-dependent confounding associated with time-varying exposures. 31 32 All covariates mentioned previously were measured during follow-up, along with the addition of prostate cancer disease markers (ie, radical prostatectomy, incident metastasis (lymph node, bone, visceral and other), and the use of oral bisphosphonates, chemotherapy and radiation therapy). This is described in detail in online supplementary method 2. All statistical analyses were conducted using SAS V.9.4 (SAS institute, Cary, North Carolina, USA).
RESULTS
The cohort included 20 310 patients (figure 1), which were followed for a mean (SD) of 4.3 (3.4) years. Overall, there were 621 incident community-acquired pneumonia events during 86 301 person-years of follow-up, generating a crude incidence rate of 7.2 (95% CI 6.6 to 7.8) per 1000 person-years. A total of 11 912 (58.7%) patients used ADT during the follow-up period, for a median (IQR) duration of 1.6 (0.8-3.3) years. Table 1 presents baseline characteristics for the cohort and by ADT use in the first six months of follow-up. ADT users tended to be older, had higher BMI and were less likely to be smokers. Furthermore, ADT users tended to have higher PSA levels at baseline and were more likely to have certain comorbidities including chronic obstructive pulmonary disorder and bronchitis. Finally, ADT users were more likely to have used certain medications including inhaled bronchodilators, corticosteroids (inhaled and oral), oral antibiotics and to have been vaccinated for influenza in the year before cohort entry.
The results of primary and secondary analyses are presented in table 2. Compared with no ADT use, current use of ADT was associated with an 81% increased risk of hospitalisation for community-acquired pneumonia (12.1 vs 3.8 per 1000 personyears; HR 1.81, 95% CI 1.47 to 2.23). ADT was associated with an increased risk of hospitalisation for community-acquired pneumonia regardless of treatment duration, although the highest HR was observed between 13 and 18 months (HR 2.45, 95% CI 1.41 to 3.67). In the restricted cubic spline analysis, the risk of pneumonia was increased with <6 months of ADT use and continued to increase with increasing durations of use ( figure 2) . Similarly, all types of ADT were associated with an increased risk of hospitalisation for community-acquired pneumonia, but with the highest HRs observed for current use of oestrogens alone (HR 4.50, 95% CI 1.82 to 11.17), followed by bilateral orchiectomy (HR 2.32, 95% CI 1.02 to 5.20) and then GnRH agonists and oral antiandrogens used in combination therapy (HR 2.18, 95% CI 1.56 to 3.03). In contrast, past use of ADT was not associated with an increased risk of hospitalisation for community-acquired pneumonia compared with non-use (HR 1.23, 95% CI 0.95 to 1.60).
Sensitivity analyses
The sensitivity analyses are presented in figure 3 and online supplementary tables S1-S7. Overall, most sensitivity analyses yielded findings that were consistent with those of the primary analysis, with the exception of two analyses that led to different point estimates. Specifically, using a less restrictive outcome definition consisting of a primary and secondary diagnosis of pneumonia led to a lower point estimate (HR 1.75, 95% CI 1.42 to 2.16). In contrast, adjusting the model for high-dimensional propensity scores led to an increase in the HR (HR 2.33, 95% CI 1.50 to 3.60).
DISCUSSION
In this large population-based study, the use of ADT was associated with an 81% increased risk of hospitalisation for community-acquired pneumonia. An association was evident with <6 months of use, which remained with increasing durations of use. In contrast, past use of ADT was not associated with an increased risk of hospitalisation for community-acquired pneumonia. Overall, these findings remained consistent across several sensitivity analyses.
To our knowledge, two observational studies have investigated the association between the use of ADT and the risk of pneumonia. 14 15 In one study, the use of GnRH agonists was associated with an increased risk of hospitalisation for pneumonia (HR 1.92, 95% CI 1.10 to 3.36).
14 In contrast, the second study observed less marked associations with community-acquired pneumonia (defined as a diagnosis from both inpatient and physician office visits) among those who used GnRH agonists for >7 months (7-11 months HR 1.09, 95% CI 1.04 to 1.15; >11 months HR 1.15, 95% CI 1.08 to 1.22) . In contrast, the authors reported no associations with hospitalisations for pneumonia, determined from an inpatient diagnosis of pneumonia in the primary or secondary position. 15 In addition, the authors reported associations with reductions in community-acquired pneumonia risk with orchiectomy (HR 0.80, 95% CI 0.72 to 0.90), but not for hospitalisation for community-acquired pneumonia. 15 However, this study suffered from selection bias by the exclusion of those patients who underwent orchiectomy more than 6 months after diagnosis or received ADT more than 2 years after diagnosis. The authors also did not account for the time-varying nature of ADT, thus introducing immortal time bias. 33 Specifically, this analysis misclassified unexposed persontime prior to ADT initiation during follow-up as exposed persontime. The discrepancies in results may also reflect various other methodological shortcomings including the potential misclassification of hospital-acquired pneumonia as community-acquired, 15 16 and the inclusion of patients with metastatic disease. 14 In addition, both studies lacked information on potentially important confounders such as smoking status and influenza and pneumococcal vaccinations, and did not consider ADT pharmacotherapies other than GnRH agonists.
There are two possible biological mechanisms that may explain the observed association between the use of ADT and the risk of community-acquired pneumonia. First, androgen receptors are expressed on a number of immunological cells 8 and are reported to stimulate the proliferation of granulocytic precursors 34 and neutrophil production. 9-11 A recent study found that androgen receptor knockout mice had increased rates of neutropenia and were more susceptible to microbial infection. 12 Moreover, exogenous androgens were reported to restore neutrophil counts in castrated mice. 12 Additionally, ADT with antiandrogens could impair the adaptive immune response through interference with T-cell priming. 13 Second, it has also been proposed that androgen deprivation may influence the risk of lower respiratory tract infections via morphological and biochemical changes to the cell membranes within the lung. 6 7 In addition, androgen deprivation has been shown to cause changes to the synthesis and secretion of phospholipids in pulmonary surfactant. 6 7 
Strengths and limitations
This study had a number of strengths. This was a large population-based cohort study of 20 310 patients with prostate cancer, followed for up to 18 years. This contrasts to previous studies that had a maximum follow-up of 2 years. 14 15 Additionally, the use of ADT was modelled as a time-dependent variable (thereby eliminating immortal time bias 33 ), and the use of the CPRD allowed us to adjust for a number of potentially important confounders such as BMI, smoking status and comorbidities.
This study does have some limitations. First, prescriptions recorded in the CPRD represent those written by general practitioners and not those issued by specialists. While the decision to initiate ADT is usually made by specialists, general practitioners typically follow through with the suggested treatment regimen within the UK healthcare system. Indeed, this is reflected by the high prevalence of ADT use in our cohort (58.7%), which is similar to ADT utilisation rates reported in the USA. 35 However, it is possible that the initial ADT prescriptions issued by the specialists were not captured in the CPRD, leading to a possible underestimation of the observed association. Second, while defining the outcome as a hospitalisation for communityacquired pneumonia likely maximised the specificity of the event definition, it did not consider pneumonias not requiring inpatient care, thus limiting the generalisability of our findings to severe community-acquired pneumonia. Third, given the observational nature of the study, residual confounding from unmeasured or unknown variables is possible. In particular, it was not possible to adjust the models for tumour stage and grade as this information is not recorded in the CPRD. To mitigate this issue, we conducted a number of sensitivity analyses that led to consistent findings. These included the use of highdimensional propensity scores and marginal structural models. The high-dimensional propensity score allowed for the inclusion of a large number of covariates at cohort entry, which comprised 20 predefined covariates plus an additional 500 empirically defined covariates ascertained from patients' data. This may reduce residual confounding as these variables may be proxies for unmeasured covariates, such as those related to disease severity. In addition, the marginal structural model adjusted for important time-dependent variables known to be correlated with disease progression that were measured in our data set during the follow-up period. These included radiation therapy, radical prostatectomy, incident metastases, receipt of chemotherapy, use of oral bisphosphonates, as well as other timedependent confounders such as seasonality and receipt of influenza and pneumococcal vaccinations.
CONCLUSION
The results of this study indicate that the use of ADT is associated with an increased risk of hospitalisation for communityacquired pneumonia. These results are of importance as community-acquired pneumonia is of particular concern among patients with cancer for whom severe pneumonia can result in high mortality rates. Given these findings, physicians should exercise caution when considering ADT in low-risk patients for whom the benefits remain uncertain. Figure 3 Sensitivity analyses for the association between current use of androgen deprivation therapy and the risk of hospitalisation for community-acquired pneumonia in patients with prostate cancer. *Hospitalisation for community-acquired pneumonia (HCAP) included those with a diagnosis for pneumonia in the primary or secondary position within the first two days of admission.
†Hospital-acquired pneumonia included pneumonia diagnoses >2 days after hospital admission and up to 14 days after discharge.
